Plant male gametogenesis is tightly regulated, and involves complex and precise regulations of transcriptional reprogramming. WRKY transcription factors have been demonstrated to play critical roles in plant development and stress responses. Several members of this family physically interact with VQ motif-containing proteins (VQ proteins) to mediate a plethora of programs in Arabidopsis; however, the involvement of WRKY-VQ complexes in plant male gametogenesis remains largely unknown. In this study, we found that WRKY2 and WKRY34 interact with VQ20 both in vitro and in vivo. Further experiments displayed that the conserved VQ motif of VQ20 is responsible for their physical interactions. The VQ20 protein localizes in the nucleus and specifically expresses in pollens. Phenotypic analysis showed that WRKY2, WRKY34 and VQ20 are crucial for pollen development and function. Mutations of WRKY2, WRKY34 and VQ20 simultaneously resulted in male sterility, with defects in pollen development, germination and tube growth. Further investigation revealed that VQ20 affects the transcriptional functions of its interacting WRKY partners. Complementation evidence supported that the VQ motif of VQ20 is essential for pollen development, as a mutant form of VQ20 in which LVQK residues in the VQ motif were replaced by EDLE did not rescue the phenotype of the w2-1 w34-1 vq20-1 triple-mutant plants. Further expression analysis indicated that WRKY2, WRKY34 and VQ20 co-modulate multiple genes involved in pollen development, germination and tube growth. Taken together, our study provides evidence that VQ20 acts as a key partner of WRKY2 and WKRY34 in plant male gametogenesis.
INTRODUCTION
In flowering plants, the male gametophyte (or pollen grain) plays a key role in plant fertility through the generation and delivery of male gametes to the embryo sac for double fertilization (Borg et al., 2009) . When released from the anthers, mature Arabidopsis pollen grains possess two or three cells (McCormick, 2004) . Male gametophyte development consists of two consecutive phases, namely developmental and functional phases. The developmental phase takes place in anther loculi and leads to the release of mature pollen grains from the anthers. The later phase, which initiates after the pollen grain lands on the stigma, is the functional or programmatic phase, including pollen hydration, germination, tube growth through the transmitting tissue, tube guidance, sperm cell discharge into the embryo sac, and finally the fusion of male and female gametes (Hafidh et al., 2016) . Compared with those involved in the developmental phase, little is presently known about transcription factors participating in the functional phase (Ma and Sundaresan, 2010; Berger and Twell, 2011; Hafidh et al., 2016) .
The precise and dynamic regulation of male gametogenesis requires various transcription factors. The expression of 607 transcription factors has been reported during pollen development (Honys and Twell, 2004) . For example, the WRKY34 transcription factor, a male gametophyte-specific group I WRKY family member, is involved in the later development of male gametophytes (Honys et al., 2006; Chinnusamy et al., 2007; Zou et al., 2010) . Our previous results have shown that cold treatment increases WRKY34 expression in the wild-type, while wrky34-1 (w34-1) pollen exhibits increased viability, germination efficiency and pollen tube growth rates in vivo relative to wild-type pollen under cold treatment conditions. Further assays found that the WRKY34 transcription factor negatively mediates the cold sensitivity of mature Arabidopsis pollen, and may be involved in the C-REPEAT BINDING FACTOR (CBF) signaling cascade in mature pollen (Zou et al., 2010) . Moreover, Guan et al. (2014) have reported that WRKY34 is temporally phosphorylated by MPK3 and MPK6 kinases at early stages during male gametogenesis, and this MPK-WRKY signaling module plays a vital role in the early stages of pollen development. Further genetic analyses have demonstrated that WRKY34 functions redundantly with its homolog WRKY2 in pollen development, germination and tube growth (Guan et al., 2014) . Nevertheless, the exact mechanisms underlying WRKY34-mediated processes remain obscure.
Recent studies have shown that several WRKY proteins physically interact with a class of novel proteins, defined as VQ proteins, to mediate various physiological processes (Cheng et al., 2012; Chi et al., 2013) . VQ proteins are named for the VQ motif (FxxxVQxxTG), a conserved amino acid region shared by 34 members of this family in Arabidopsis (Xie et al., 2010; Cheng et al., 2012 ). An increasing number of studies have demonstrated that several members of this family play crucial roles in plant development and stress responses (Jing and Lin, 2015) . For example, Lai et al. (2011) found that WRKY33 interacts with VQ16 and VQ23 to modulate plant resistance against necrotrophic pathogens. Mechanism investigation in their study further revealed that VQ16 and VQ23 stimulate the DNA-binding activity of WRKY33. Our previous study showed that WRKY8 interacts with VQ9 to repress the regulatory function of WRKY8 (Hu et al., 2013a) . Moreover, Cheng et al. (2012) have reported that VQ proteins interact with several members of group I and group IIc WRKY factors in yeast. Despite these findings, the exact WRKY-VQ interactions and their biological significance under specific conditions remain largely unclear.
In this study, we used a yeast two-hybrid assay to identify VQ20 as an interacting partner of WRKY2 and WRKY34. The VQ20 gene expressed strongly in male gametophytic tissues, but barely in seedlings, leaves, petioles, stems and roots. Mutations of WRKY2, WRKY34 and VQ20 simultaneously lead to male fertility defects. The wrky2-1 wrky34-1 vq20-1 (w2-1 w34-1 vq20-1) triple-mutant displayed defects in pollen development, germination and tube growth. VQ20 interferes with the transcriptional functions of its interacting WRKY partners. Moreover, the VQ motif of VQ20 is important for pollen development, as a mutant form of VQ20 in which LVQK residues in the VQ motif were replaced by EDLE did not rescue the phenotype of the w2-1 w34-1 vq20-1. These results demonstrate that VQ20 assists WRKY2 and WKRY34 in plant male gametogenesis.
RESULTS

WRKY2 and WRKY34 physically interact with VQ20
To investigate the mechanisms of WRKY34-mediated processes, we used a yeast two-hybrid assay to identify its potential interacting partners. The GAL4 transcription activation-based yeast two-hybrid system was used. Fulllength WRKY34 cDNA with a deleted activation domain was fused to the GAL4 DNA-binding domain of the bait vector (BD-WRKY34, 310-568 amino acids). After screening, clones encoding VQ20 were frequently identified by prototrophy for His and Ade. To confirm the WRKY34-VQ20 interaction, full-length VQ20 cDNA was introduced into the prey vector (AD-VQ20); and the bait and prey vectors were then co-transformed into yeast and the WRKY34-VQ20 interaction was reconstructed (Figure 1a) . Similarly, an interaction between VQ20 and WRKY2, a close homolog of WRKY34, was also observed in yeast ( Figure 1a ). We also confirmed the interactions of WRKY34 and WRKY2 with VQ20 by performing an in vitro pull-down assay. The results of the assay indicated that the GST-fused WRKY34 or WRKY2 could retain VQ20-His, whereas GST alone could not (Figure 1b) .
To further verify the interactions of WRKY34 and WRKY2 with VQ20 in vivo, we examined their interactions in plant cells by bimolecular fluorescence complementation (BiFC) assay. WRKY34 and WRKY2 were fused to the N-terminal yellow fluorescent protein (YFP) fragment (WRKY34-YN and WRKY2-YN), while VQ20 was fused to the C-terminal YFP fragment (VQ20-YC). When WRKY34-YN or WRKY2-YN was co-expressed with VQ20-YC in leaves of tobacco (Nicotiana benthamiana), a YFP signal, as revealed by staining with 4 0 ,6-diamidino-2-phenylindole (DAPI), was observed in the nuclear compartment of transformed cells (Figure 1c) . No fluorescence was detected in all negative control experiments (WRKY2-YN + VQ9-YC, WRKY34-YN + VQ9-YC and WRKY8-YN + VQ20-YC; Figure 1c ). Taken together, these data suggest that WRKY34 and WRKY2 interact with VQ20 in the nuclei of plant cells.
VQ20, a member of the VQ protein family, contains 286 amino acid residues (Cheng et al., 2012) . To further identify the regions of VQ20 responsible for its interactions with WRKY34 and WRKY2, several truncated VQ20 variants were fused to the GAL4 activation domain ( Figure S1a ), and the directed yeast two-hybrid analyses were performed. As shown in Figure S1 (b), deletion of the N-terminus (amino acids 1-101 including the VQ motif) of VQ20 completely abolished its interactions with WRKY34 and WRKY2. To clarify whether the VQ motif is required for their interactions, we generated a mutant form of VQ20 (VQ20-mVQ), in which the conserved LVQK residues in the VQ motif were replaced by EDLE. As shown in Figure S1 (b), no interaction was observed in yeast cells harboring both the mutant VQ20-mVQ prey and BD-WRKY34 or BD-WRKY2 bait vectors, suggesting that the conserved VQ motif of VQ20 is essential for its interactions with WRKY34 and WRKY2.
VQ20 is localized in the nucleus and specifically expressed in pollen
Having ascertained that VQ20 interacts with WRKY34 and WRKY2, we next analyzed the properties of VQ20 in more detail. As the first step, we examined its subcellular localization by fusing the full-length VQ20 to green fluorescent protein (GFP) and expressing this fusion protein in leaves of N. benthamiana transiently. As shown in Figure 2 (a), VQ20-GFP was exclusively localized in the nucleus, as revealed by DAPI staining. As control, free GFP was found in both the cytoplasm and the nucleus (Figure 2a ). These observations indicated that VQ20 protein is localized to the nucleus, consistent with the result that VQ20 interacts with WRKY34 and WRKY2 in the nuclei of plant cells (Figure 1c) .
The expression profile of VQ20 was also analyzed. A microarray database for Arabidopsis showed that VQ20 was specifically expressed in pollen ( Figure S2 ; Winter et al., 2007) , and we further confirmed this result by quantitative reverse transcriptase-polymerase chain reaction (qRT-PCR). As shown in Figure 2 (b), transcripts of VQ20 were abundant in anthers and pollen, but bare in leaves, petioles, stems and roots. To determine the expression patterns of VQ20 more precisely, we generated one construct by fusing the native promoter sequences of VQ20 with the encoding sequences of b-glucuronidase (GUS) gene, and then transformed it into Arabidopsis to generate transgenic plants. Consistent with the results of qRT-PCR, GUS staining showed that VQ20 was specifically expressed in anthers and pollens (Figure 2c-g ).
Functional losses of WRKY2, WRKY34 and VQ20 simultaneously lead to male fertility defects To analyze the functions of VQ20 during male gametogenesis, we identified two T-DNA insertion mutants for VQ20, designated as vq20-1 (CS827030) and vq20-2 (SALK_002300C). qRT-PCR was performed to compare the transcripts of VQ20 in wild-type and vq20 mutants. As shown in Figure S3 , the expression of VQ20 was significantly reduced in vq20-1 and vq20-2. The two mutants are morphologically normal and exhibited similar fertility with wild-type ( Figure S3 ). Reciprocal cross-analysis confirmed that these two vq20 mutants displayed normal male and female fertility (Table S1 ). To further examine the biological roles of VQ20 during male gametogenesis, we generated several VQ20-overexpressing transgenic plants (VQ20 OE) and analyzed their fertility. The seed sets of T3 homozygous lines were calculated, and the results showed that there was no difference in the fertility between VQ20 OE and wild-type ( Figure S3 ). Because VQ20 interacts with WRKY34 and WRKY2 (Figure 1) , we anticipated that VQ20 may be involved in these two WRKY transcription factors-mediated processes. To test this possibility, we constructed wrky2-1 vq20-1 (designated as w2-1 vq20-1) and wrky34 vq20-1 (w34-1 vq20-1) double-mutant plants by crossing vq20-1 with w34-1 or wrky2-1 (w2-1). Phenotypic analysis showed that these two double-mutant plants also exhibited normal phenotypes similar to the wild-type (Figure 3a-c) . Because WRKY34 functions redundantly with WRKY2 (Guan et al., 2014) , we further crossed w2-1 vq20-1 with w34-1 vq20-1 to generate w2-1 w34-1 vq20-1 triple-mutant plants. To our surprise, no progeny with triple homozygous mutant genotypes (w2-1 w34-1 vq20-1) were identified, and only plants heterozygous for one allele and homozygous for the others (w2-1/+ w34-1 vq20-1 and w2-1 w34-1/+ vq20-1) were found in the screening of 300 F 2 progeny. We then obtained triple-mutants in w2-1/+ w34-1 vq20-1 self-progeny. In the progeny, a small proportion (w2-1 w34-1 vq20-1) exhibited reduced fertility and shorter siliques (Figures 3a and S4 ), but most of the vegetative parts appeared normal. A reduction in the number of seeds per silique and many unfertilized ovules were observed in the w2-1 w34-1 vq20-1 and w2-1 w34-1 vq20-2 triple-mutant plants (65.83 AE 5.12 and 66.37 AE 5.73%; Figures 3b,c and S4; Tables 1 and S2 ). In contrast, the number of seeds per silique was slightly reduced in w2-1 w34-1 double-mutant plants (84.77 AE 3.46%; Figure 3b and c; Table 1 ). None of the w2-1 vq20-1 and w34-1 vq20-1 double-mutants showed any visibly defective seeds or vegetative organ phenotypes (Figure 3a -c; Table 1 ). These data indicate that the triplemutant defective phenotypes associate with the functions of WRKY2, WRKY34 and VQ20.
To investigate whether WRKY2, WRKY34 and VQ20 mutations affect male or female functions, w2-1 w34-1 vq20 triple-mutant plants were used as male or female parents in crosses with the wild-type plants ( Figure S5 ; Tables 1 and S2 ). When a homozygous w2-1 w34-1 vq20 triple-mutant plant was used as a female parent in a cross with a wild-type plant, the number of seeds per silique was similar to that of the wild-type. In a reciprocal cross, however, only a few ovules in the silique were fertilized and developed into mature seeds ( Figure S5 ; Tables 1 and S2 ). These results indicated that the WRKY2, WRKY34 and VQ20 mutations affected male gametophytic functions.
To carry out further genetic analysis, we generated double-and triple-mutants that were heterozygous for one mutation and homozygous for the other mutation(s). Six independent heterozygous double-mutants were obtained, namely, w2-1/+ vq20-1, w2-1 vq20-1/+, w34-1/+ vq20-1, w34-1 vq20-1/+, w2-1/+ w34-1 and w2-1 w34-1/+. In addition, three independent triple-mutant combinations were obtained, namely, w2-1/+ w34-1 vq20-1, w2-1 w34-1/+ vq20-1 and w2-1 w34-1 vq20-1/+. As shown in Table 2 , the transmission segregation ratios of these triple-mutant combinations deviated from the expected 3:1 Mendelian ratio, implying that the triple-mutants were defective in gametophytic function. To determine the sex-related transmission efficiency of those mutations, reciprocal crosses were performed between the triple-mutants and the wild-type. The resulting heterozygous triple-mutant plants were self-pollinated and transmission segregation ratios were calculated. When the wild-type plants were used as pollen donors in crosses with heterozygous triple-mutant combinations, approximately 50% of the resulting progeny contained T-DNA insertions (Table 3) . In contrast, the number of resulting progeny harboring T-DNA insertions was significantly The seed set rate of WT, w2-1 vq20-1, w34-1 vq20-1, w2-1 w34-1 and w2-1 w34-1 vq20-1 plants. Thirty siliques were examined for each sample. Error bars indicate SDs (*P < 0.05). (c) The siliques from WT, w2-1 vq20-1, w34-1 vq20-1, w2-1 w34-1 and w2-1 w34-1 vq20-1 plants. The white arrows indicate the aborted mutant seeds. Scale bar: 1.5 mm. Forty-five siliques were examined. Table 1 Genetic analysis of double-mutants and triple-mutant alleles Parent (female 9 male) Seed set (%)
WT 9 WT 96.93 AE 1.76 w2-1 vq20-1 9 WT 93.64 AE 4.47 WT 9 w2-1 vq20-1 91.58 AE 5.65 w2-1 vq20-1 (self) 96.31 AE 2.76 w34-1 vq20-1 9 WT 94.80 AE 2.91 WT 9 w34-1 vq20-1 92.32 AE 4.12 w34-1 vq20-1 (self) 95.16 AE 2.97 w34-1 w2-1 9 WT 95.58 AE 2.17 WT 9 w34-1 w2-1 82.15 AE 5.25 w34-1 w2-1 (self) 84.77 AE 3.46 w34-1 w2-1 vq20-1 9 WT 93.26 AE 5.28 WT 9 w34-1 w2-1 vq20-1 60.32 AE 6.15 w34-1 w2-1 vq20-1 (self) 65.83 AE 5.12
The statistical analysis of the seed sets was performed in plants 50 days after transplantation into the soil; 30 siliques were examined for each hybrid combination. Bold numbers indicate significant aberrant seed set from the expected. WT, wild-type.
reduced when the wild-type plants were used as recipients in crosses with the triple-mutant pollen grains (Table 3) . These results further proved that the w2-1 w34-1 vq20 triple-mutant plants were male gametophyte-defective.
Pollen development of the w2-1 w34-1 vq20-1 triplemutant is compromised
To further examine development of the w2-1 w34-1 vq20-1 triple-mutant pollens, we used the Alexander staining technique to distinguish normal and aborted pollens. Most analyzed pollen grains of wild-type, w2-1 vq20-1 or w34-1 vq20-1 were viable, round and purple-stained, with few aborted pollen observed ( Figure 4a ,e and i). In contrast, the majority of w2-1 w34-1 vq20-1 triple-mutant pollen grains (67.9% abortion, n = 256) were aborted, significantly more than those of the w2-1 w34-1 double-mutant (21.9% abortion, n = 273; Figure 4m and q). To accurately assess pollen development, we conducted fluorescein diacetate (FDA) staining to check pollen viability of w2-1 w34-1 and w2-1 w34-1 vq20-1 mutants. The result showed that much fewer pollen grains (19%, viable) of the w2-1 w34-1 vq20-1 triple-mutant show FDA fluorescence compared with those of the w2-1 w34-1 double-mutant (51%, viable; Figures 4n and r, and S6). To further determine whether those defective pollens of w2-1 w34-1 vq20-1 were the dysfunctional male gametophytes, we used DAPI staining to analyze mature pollens of wild-type and various mutants. As shown in Figure 4 (ck), nearly all mature pollen grains of wild-type, w2-1 vq20-1 and w34-1 vq20-1 showed one faintly stained vegetative nucleus and two brightly stained generative nuclei after DAPI staining. However, about 10% pollens of w2-1 w34-1 exhibited abnormally (Figure 4o ). Moreover, a larger number of abnormal pollens was observed in w2-1 w34-1 vq20-1 mutants after DAPI staining: approximately 45% pollens could not be stained, and approximately 7% pollens contained only one brightly stained generative nucleus and one faint vegetative nucleus (Figure 4s ). Because most abnormal pollen grains of the w2-1 w34-1 vq20-1 triplemutants had distorted shapes, we further performed scanning electron microscopy (SEM) to investigate the morphology of the mature pollens of wild-type and various mutants. Unlike pollens of wild-type and various double- w2-1 w34-1/total 3/174 1.524E-05 (<0.001) w2-1/+ w34-1 vq20-1 w2-1 w34-1 vq20-1/total 1/254 2.563E-08 (<0.001) w2-1 w34-1/+ vq20-1 w2-1 w34-1 vq20-1/total 1/292 7.976E-07 (<0.001) w2-1 w34-1 vq20-1/+ w2-1 w34-1 vq20-1/total 9/180 0.0013 (<0.05)
Crosses were performed using plants of indicated genotype. The inheritance of F1 was analyzed using PCR-based genotyping, which was used to determine the transmission of pollen of different genotypes. Bold numbers indicate significant aberrant transmission ratios from the expected ratio of 1:4. mutants, the bulk of pollens of the w2-1 w34-1 vq20-1 triple-mutants was collapsed or possessed a deformed morphology ( Figure 4d ,h,l,p and t). Taken together, these results demonstrate that mutation of VQ20 in w2-1 w34-1 background amplifies defects in pollen viability, morphology and structure.
WRKY2, WRKY34 and VQ20 are required for pollen germination and tube growth
Having ascertained that pollen development of the w2-1 w34-1 vq20-1 triple-mutant is defective, we further investigated the pollen germination and tube growth of these triple-mutant plants. We presumed that the reduced pollen viability may lead to a reduction in pollen germination in vitro. As expected, the mean germination ratio of pollen grains of w2-1 w34-1 double-mutant plants and w2-1 w34-1 vq20-1 triple-mutant plants was dramatically lower than that of wild-type under the same conditions (Figure 5a and b). Only 39 and 17% pollens of w2-1 w34-1 and w2-1 w34-1 vq20-1 germinated, respectively, compared with 85% pollens of the wild-type (Figure 5b) . Moreover, the pollen tube length of the w2-1 w34-1 vq20-1 triple-mutant was significantly shorter than that of wild-type and even w2-1 w34-1 double-mutant (Figure 5a and c). The mean pollen tube length of w2-1 w34-1 vq20-1 triple-mutant was 167 lm, whereas that of w2-1 w34-1 double-mutant was 258 lm. We also used aniline blue staining to examine w2-1 w34-1 vq20-1 triple-mutant pollen tube growth in vivo. Eight hours after pollination of wild-type pistils with pollen grains from wild-type or various mutant plants, aniline blue staining was used to assess pollen tube growth in the transmitting tracts. Compared with wild-type or doublemutant plants, a smaller number of w2-1 w34-1 vq20-1 triple-mutant pollen grains were able to germinate and penetrate through the wild-type style tissue ( Figure 6 ). Taken together, these results revealed that mutations of WRKY2, WRKY34 and VQ20 affect pollen germination and tube growth both in vitro and in vivo.
VQ20 affects the function of WRKY2 and WRKY34 in pollen development
Accumulating studies showed that VQ proteins interact with several WRKY transcription factors (Figure 1 ; Cheng et al., 2012; Chi et al., 2013) . WRKY-VQ partnerships, which are complicated, can be divided into two groups, with VQ proteins either promoting or suppressing the transcriptional function of WRKY (Cheng et al., 2012; Hu et al., 2013a; Jing and Lin, 2015) . To investigate how VQ20 interferes with the transcriptional function of its WRKY partners, we employed a dual-luciferase reporter approach to analyze the effect of VQ20 on the transcriptional activity of WRKY2 and WRKY34 in Arabidopsis mesophyll protoplasts. In this assay, WRKY2, WKRY34 and WRKY8 fused with the GAL4 binding domain terminal (BD-WRKY2, BD-WRKY34 and BD-WRKY8) under the control of the cauliflower mosaic virus (CaMV) 35S promoter were used as effectors. In addition, we also cloned VQ20 under the control of the 35S promoter as an effector. The reporter consisted of 35S promoter-driven Renilla luciferase (REN, as an internal control) and five tandem copies of the GAL4 DNA binding site [GAL4 (5x)]-driven firefly luciferase (Figure 7a) . As shown in Figure 7 (b), the expression of BD-WRKY2 and BD-WRKY34 slightly decreased the LUC/REN ratio, while coexpression of VQ20 with BD-WRKY2 (or BD-WRKY34) dramatically attenuated ProGAL4-LUC activity. Expression of BD-WRKY8 activated the LUC/REN ratio; however, coexpression of VQ20 with BD-WRKY8 had little influence on ProGAL4-LUC activity compared with that of expression of BD-WRKY8 alone. These results suggest that VQ20 acts as a partner of WRKY2 and WRKY34 to enhance their transcriptional repression function.
To further investigate the effect of WRKY-VQ complexes, we performed complementation experiments by using individual wild-type genomic DNA fragments and mutant (a) Images of in vitro germinating pollen grains of wild-type (WT), w2-1 vq20-1, w34-1 vq20-1, w2-1 w34-1 and w2-1 w34-1 vq20-1. Scale bar: 100 lm. (b) In vitro pollen germination ratio of WT, w2-1 vq20-1, w34-1 vq20-1, w2-1 w34-1 and w2-1 w34-1 vq20-1. All measurements represent the average of three biological replicates. Error bars indicate SDs (n = 3, *P < 0.05). (c) Average in vitro pollen tube length of WT, w2-1 vq20-1, w34-1 vq20-1, w2-1 w34-1 and w2-1 w34-1 vq20-1. All measurements represent the average of three biological replicates. Error bars indicate SDs (n = 3, *P < 0.05).
genomic DNA fragments of VQ20 (in which LVQK residues in the VQ motif were replaced by EDLE, VQ20M). The fulllength genomic DNA fragments, including the predicted promoters, transcribed regions and 3 0 -end non-transcribed regions, were cloned and introduced into w2-1 w34-1 vq20-1 triple homozygous mutant lines. Seed set, pollen viability, pollen germination and pollen tube length were restored in the complemented lines (w2-1 w34-1 vq20-1 ProVQ20:VQ20) (Figure 7c-g ). However, expression of the VQ20 mutant form (VQ20M), which did not interact with WRKY2 and WRKY34 (Figure 1s ), failed to rescue the phenotypes of the w2-1 w34-1 vq20-1 triple-mutants (Figure 7c-g ). These results indicate that the conserved VQ motif of VQ20 is crucial for pollen development and function.
WRKY2, WRKY34 and VQ20 co-modulate expression of multiple pollen development-related genes
To identify genes affected by WRKY2, WRKY34 and VQ20 in mature pollen grains, we performed RNA profiling of w2-1 w34-1 double-mutant and w2-1 w34-1 vq20-1 triplemutant pollen grains. We harvested mature pollen grains from wild-type, w2-1 w34-1 double-mutant and w2-1 w34-1 vq20-1 triple-mutant plants, isolated RNA and conducted microarray hybridizations using an Affymetrix Arabidopsis ATH1 chip. We found that the expression of 519 genes differed more than twofold between w2-1 w34-1 doublemutant and wild-type, with 422 genes upregulated and 97 genes downregulated (Data S1). Moreover, 719 genes in the w2-1 w34-1 vq20-1 triple-mutant plants had greater than twofold changes in expression compared with that in wild-type, including 525 genes upregulated and 194 downregulated (Data S1). Analysis of differential expression among wild-type, w2-1 w34-1 and w2-1 w34-1 vq20-1 triple-mutant plants revealed an overlap of 413 shared genes (Figure 8 ). This overlap indicates that w2-1 w34-1 and w2-1 w34-1 vq20-1 triple-mutant may affect a common set of genes, with their joint function highly relevant with pollen development. Many of the 719 affected genes are involved in cell wall synthesis, cytoskeleton organization, metabolism, transport, signaling and secretion, which are all important processes in pollen germination and pollen tube growth ( Figure S7 ). For example, DARK INDUCIBLE 2 (DIN2), EXPANSIN-LIKE PROTEIN 16 (EXP16) and CHITINASE-LIKE PROTEIN 1 (CTL1) are involved in cell wall synthesis and modification (Cartagena et al., 2008; Veyres et al., 2008; Sanchez-Rodriguez et al., 2012) . SMALL UBIQUITIN-LIKE MODIFIER 1 (SUMO1) and GLYCERALDEHYDE-3-PHOS-PHATE DEHYDROGENASE C SUBUNIT 1 (GAPC1) are required for cytoskeleton organization (van den Burg et al., 2010; Guo et al., 2014) . BETA GLUCOSIDASE 37 (BGLU37) and BGLU1 play roles in carbohydrate metabolism (Kim et al., 2013; Ondzighi-Assoume et al., 2016) . SERINE HYDROXY METHYLTRANSFERASE 4 (SHM4), EMBRYO SAC DEVELOPMENT ARREST 6 (EDA36) and BINDING PROTEIN 3 (BIP3) are involved in protein metabolism (Pina et al., 2005; Qin et al., 2009; Lozano-Juste et al., 2011; Maruyama et al., 2014 Maruyama et al., , 2015 . SUGAR TRANSPORTER 4 (STP4) and SUCROSE-PROTON SYMPORTER 9 (SUC9) are associated with sucrose transport (Johnston et al., 2007) . CATION/H+ EXCHANGER 19 and 24 (CHX19 and CHX24), GAMMA TONOPLAST INTRINSIC PROTEIN 2 (TIP2) and EMBRYO DEFECTIVE 1674 (EMB1674) are involved in anion transport (Sze et al., 2004; Tzafrir et al., 2004; Schussler et al., 2008; Wang et al., 2008) . CALCIUM-MEDIATED SIG-NALING 1 (CAM1) and CAM4 relate with calcium-mediated signaling (McCormack et al., 2005) , and GNOM-LIKE 2 (GNL2) is involved in secretion (Jia et al., 2009) . Expression of several overlapping affected genes showed much more significant changes in w2-1 w34-1 vq20-1 compared with that in wild-type or w2-1 w34-1 (Figure 8b) . To confirm the results of microarray assay, we further performed qRT-PCR to analyze expression of several affected genes, such as AT3G08770 and AT5G09280. Consistent with the microarray data, the expression levels of these analyzed genes (a-e) Growth patterns of the pollen tubes of wild-type (a), w2-1 vq20-1 (b), w34-1 vq20-1 (c), w2-1 w34-1 (d) and w2-1 w34-1 vq20-1 (e) 8 h after pollination in wild-type female organs, showing that a small number of w2-1 w34-1 vq20-1 pollen grains could germinate and penetrate through the style tissue in wild-type female organs (e). The arrows indicate the pollen tubes. Scale bar: 400 lm.
significantly altered in the w2-1 w34-1 vq20-1 triple-mutant mature pollens (Table S3 ). These results indicate that mutations of WRKY2, WRKY34 and VQ20 influenced the expression of multiple genes involved in pollen germination and tube growth.
DISCUSSION
VQ proteins have been shown to act in partnership with WRKY transcription factors to modulate various physiological processes in Arabidopsis (Cheng et al., 2012; Chi et al., 2013) . For example, VQ14 interacts with WRKY10 to mediate the development of seed endosperm, an important determinant of seed size . VQ4 links with WRKY25, WRKY26 and WRKY33 to mediate vegetative growth (Cheng et al., 2012) . VQ16 and VQ23 act as activators of WRKY33 to modulate plant resistance to Botrytis cinerea infection (Lai et al., 2011) . Likewise, VQ22 associates with WRKY28 and WRKY51 to mediate jasmonate-signaled defense responses (Hu et al., 2013b) . Moreover, WRKY-VQ complexes are also involved in plant responses to various sources of abiotic stresses. For instance, VQ9 functions as a repressor of WRKY8 to maintain an appropriate balance of WRKY8-mediated signaling pathways to establish salinity stress tolerance (Hu et al., 2013a) . VQ15 interacts with WRKY25 and WRKY51 to function in osmotic stress responses (Perruc et al., 2004; Cheng et al., 2012) . Nevertheless, the exact interactions between WRKY transcription factors and VQ proteins in specific physiological conditions remain largely unknown. Investigation of the relationships between WRKY and VQ in a given type of cell or tissue under given conditions would be critical for understanding the biological roles of VQ proteins.
In this study, we identified VQ20 as an interacting partner of WRKY2 and WRKY34 by using a yeast two-hybrid assay (Figure 1a) . Further analysis showed that these two WRKY factors formed complexes with VQ20 in the nucleus (Figure 1c) . The VQ20-GFP fusion protein was exclusively localized in the nucleus (Figure 2a) , consistent with its ability to interact with WRKY2 and WRKY34 in vivo. Ueda et al. (2011) found that WRKY2 regulates WOX8 and WOX9 (c) Inflorescences from wild-type (WT), w2-1 w34-1, w2-1 w34-1 vq20-1, ProVQ20::VQ20(w2-1 w34-1 v20-1)#12 and ProVQ20::VQ20M (w2-1 w34-1 v20-1)#3 plants. Scale bar: 2 cm. (d-g) Relative RNA expression levels of VQ20 (d), seed set rates (e), pollen viability (f), pollen germination (g) and pollen tube length (h) of WT, w2-1 w34-1, w2-1 w34-1 vq20-1, ProVQ20::VQ20(w2-1w34-1v20-1) and ProVQ20::VQ20M (w2-1w34-1v20-1) plants. Three independent experiments were performed with similar results. Thirty siliques were examined for each sample. Error bars indicate SDs. expression to link zygote polarity to embryo development during early embryogenesis. Guan et al. (2014) further showed that WRKY2 and WRKY34 are required for pollen development, germination and tube growth. Similarly, our expression analysis showed that VQ20 specifically expressed in anthers and pollens (Figure 2) , sharing similar spatial expression patterns with WRKY2 and WRKY34 (Honys and Twell, 2003) . The protein kinases MPK3 and MPK6 phosphorylate WRKY34 temporally to mediate pollen development (Guan et al., 2014) . Interestingly, MPK3 and MPK6 cannot interact with VQ20 in yeast, although several VQ proteins were identified as substrates of MPK3 and MPK6 (Pecher et al., 2014) . This finding suggested that there are not direct associations between these MPK kinases and VQ20 protein. Further investigations are required to illustrate the potential regulations among MPK3/6, WRKY2/34 and VQ20 in male gametogenesis. Previous studies revealed that VQ proteins affect the transcriptional function of their interacting WRKY transcription factors, either attenuating or promoting their functions. In this study, we found that VQ20 assists WRKY2 and WRKY34 to mediate pollen development and function (Figures 3-7 ; Tables 1-3). Phenotypic analyses showed that the pollens of wild-type, vq20-1, vq20-2, w2-1 vq20-1 and w34-1 vq20-1 exhibited few visible differences in morphology and viability (Figures 4-6 and S3) . We therefore generated w2-1 w34-1 vq20-1 triple-mutants by crossing w2-1 vq20-1 with w34-1 vq20-1. To our surprise, we did not identify w2-1 w34-1 vq20-1 triple-mutant plants after screening 300 of the F2 progeny, hinting that the pollen development of the w2-1 w34-1 vq20-1 triple-mutant may be compromised. Further analysis revealed that functional losses of WRKY2, WRKY34 and VQ20 simultaneously lead to male fertility defects, demonstrating that mutation of VQ20 in w2-1 w34-1 Figure 8 . WRKY2, WKRY34 and VQ20 co-regulate a large subset of genes. (a) Venn diagram, depicting the numbers of significantly affected genes shared by different mutants in the mature pollen. (b) Hierarchical cluster analysis of overlapped genes sets changed in w2-1 w34-1 mutant and significantly in w2-1 w34-1 vq20-1 mutant. Red indicates upregulated genes, and green indicates downregulated genes background aggravates defects in pollen viability, morphology and structure (Figures 3-7 ; Tables 1-3; Guan et al., 2014) . Expression analysis showed that the expression of WRKY2 is knocked down (18-fold reduction) in pollens of w2-1 w34-1 and w2-1 w34-1 vq20-1 compared with that of wild-type, while those of WRKY34 and VQ20 are completely knocked out in w2-1 w34-1 and w2-1 w34-1 vq20-1 pollen grains. This indicates that the effects of VQ20 on the residual transcriptional function of WRKY2 vanished in the w2-1 w34-1vq20-1 triple-mutant plants compared with w2-1 w34-1 mutant, which may lead to serious defects of pollen development in w2-1 w34-1 vq20-1.
Another alternative explanation for the phenotypic differences between w2-1 w34-1 vq20-1 triple-mutant and w2-1 w34-1 double-mutant is that VQ20 may also interact with other WRKY proteins with similar functions as WRKY2 and WRKY34 in male gametogenesis. According to a published proteome-wide binary protein-protein-interaction map of Arabidopsis, VQ20 was found to interact with WRKY20 and WRKY75 (Braun et al., 2011) . Moreover, we further observed physical interactions between VQ20 and WRKY6 or WRKY32 in yeast ( Figure S8 ). Interestingly, WRKY20, WRKY6 and WRKY32 also express in pollen (Honys and Twell, 2004; Winter et al., 2007;  Table S4 ), implying that they may function with VQ20 to modulate pollen development and function. As mentioned above, vq20 itself displayed no obvious defective phenotypes ( Figure S3 ). It is possible that other VQ members may have redundant functions with VQ20 in male gametogenesis. Consistent with this possibility, 15 VQ genes were found to express in male gametophytes (Table S4 ; Honys and Twell, 2004) , suggesting that they may function redundantly with VQ20 to modulate pollen development. We further analyzed whether other VQ members interact with WRKY2 or WRKY34. VQ17, VQ31 (two pollen-expressed VQ proteins) and VQ8 (a close homolog of VQ20) were used as representatives. As shown in Figure S8 , the pollen-expressed VQ17 interacts with WRKY2 and WRKY34 in yeast, implying that it might also function with WRKY2, WRKY34 and VQ20 to mediate pollen development. Further studies are needed to investigate the exact molecular mechanisms underlying those WRKY and VQ proteins-modulated male gametogenesis.
To gain insight into the molecular basis of WRKY2/34-VQ20 complexes in pollen development, we performed RNA profiling of w2-1 w34-1 double-mutant and w2-1 w34-1 vq20-1 triple-mutant pollen grains by using an Affymetrix Arabidopsis ATH1 chip (Data S1). Analysis of the ATH1 chip data revealed changes in the expression of genes regulated by WRKY2, WRKY34 and VQ20, with most significant alterations involving genes that control pollen germination and tube growth (Figure 8) . To validate the microarray data, we carried out qRT-PCR to analyze the expression of several pollen-expressed genes whose expression levels were at least sevenfold higher in w2-1 w34-1 double-mutant plants versus the wild-type, and at least 25-fold higher in w2-1 w34-1 vq20-1 triple-mutant plants. As shown in Table S3 , the results of the qRT-PCR assay were consistent with the microarray results (Data S1). These genes with dramatically altered expression encode trans-membrane transporters, enzymes, secreted proteins and others. Among them, SUC9 and CHX19 were both significantly upregulated in w2-1 w34-1 and w2-1 w34-1 vq20-1. SUC9 encodes a sucrose-proton symporter responsible for sugar transport during pollen tube growth (Stadler et al., 1999; Feuerstein et al., 2010) . Upregulation of SUC9 could increase sugar transport and hamper pollen tube growth. CHX19 is important for K + homeostasis in pollen development (Sze et al., 2004) . CRP, a cysteine-rich thionin specifically expressed in pollen tubes, is one of the secreted proteins upregulated in w2-1 w34-1 and w2-1 w34-1 vq20-1. Thionins have been shown to have antimicrobial properties that contribute to their ability to form membrane pores (Florack and Stiekema, 1994; Stec, 2006; Oard, 2011) , a function possibly involved in pollen tube burst. Interestingly, through analyzing the promoter sequences of those selected genes, we identified several W-boxes in their 2.5-kb promoters (Table S5 ), suggesting that they may be directly regulated by WRKYs. Further investigating the regulations between WRKYs and these genes may enhance our understanding of the mechanisms of pollen development.
EXPERIMENTAL PROCEDURES Materials and plant growth conditions
Arabidopsis thaliana ecotype Columbia-0 was used as the wildtype in this study. w34-1 (SALK_133019), w2-1 (Salk_020399), vq20-1(CS827030) and vq20-2 (SALK_002300C) were obtained from the Arabidopsis Biological Resource Center and confirmed by PCR using a T-DNA primer and gene-specific primers (Table S5) . Seeds were surface sterilized and plated on halfstrength Murashige and Skoog medium containing 1% sucrose and 0.6% agar. After stratification at 4°C for 3 days, the plates were incubated in an artificial growth chamber at 22°C under a 14-h light/10-h dark photoperiod for 1 week. Arabidopsis seedlings were then transferred to nutrient soil and grown in an artificial growth chamber at 22°C under 14-h light/10-h dark or 16-h light/8-h dark photoperiods.
Isolation of pollen grains
Pollen isolation was performed as described previously with some modifications Twell, 2003, 2004) . To obtain mature pollen, inflorescences collected from over 500 plants were placed in a large plastic pipe. After adding 30 ml of icecold 0.3 M mannitol, the flask was shaken vigorously three times for 30 s each. The pollen suspension was sequentially filtered through 100 and 53 lm nylon meshes. Pollen grains were concentrated by repeated centrifugation steps (1.5 Eppendorf tubes, 700 g, 5 min and 4°C). The final compact pollen pellet was stored at À80°C.
RNA extraction and qRT-PCR
Total RNA was extracted from Arabidopsis pollen grains using Trizol reagent (Thermo Fisher Scientific Inc., Waltham, MA, USA) and used for oligo (dT) 18 primed cDNA synthesis according to the Fermentas reverse transcription protocol. qRT-PCR was then performed using a SYBR Premix Ex Taq kit (Takara, Kusatsu, Japan) on a Light-Cycler 480 real-time PCR machine (Roche, Basel, Switzerland). All PCR amplifications were performed in triplicate, with the ACTIN2 gene used as a control. Student's t-test was used for analysis of statistical significance. All primers are listed in Table S6 .
BiFC assay
Bimolecular fluorescence complementation assays were performed as described previously with some modifications (Hu and Yu, 2014) . Full-length WRKY2, WRKY8 and WRKY34 coding sequences (CDSs) were cloned into pFGC-nYFP to form an Nterminal in-frame fusion with nYFP; meanwhile, VQ9 and VQ20 CDSs were introduced into pFGC-cYFP to generate a C-terminal in-frame fusion with cYFP. The resulting plasmids were introduced into Agrobacterium tumefaciens AH105 and then infiltrated into leaves of N. benthamiana. Infected leaves were analyzed 48 h after infiltration and observed under a confocal laser-scanning microscope (Olympus, Tokyo, Japan). WRKY8 and VQ9 were used as negative controls. DAPI was used to mark the cell nucleus.
Yeast two-hybrid assay
For yeast two-hybrid screening and confirmation, the C-terminal length of WRKY34 was cloned into the bait vector pGBKT7 and then transformed into yeast strain Y2HGold (Clontech, Kusatsu, Japan). A cDNA library was obtained from Clontech (catalog number 630487). Yeast screening was performed as described previously (Hu et al., 2013c) . To confirm the interaction, full-length CDS of VQ20 was cloned into prey vector pGADT7. Confirmation experiments were repeated three times.
Pull-down assay
Full-length cDNAs of WRKY2 and WRKY34 were fused to pGEX-4T-1, and the full-length cDNA of VQ20 was cloned into pET-28a (+). After introduction of plasmids into Escherichia coli BL21 cells, recombinant protein expression was induced with isopropyl-betathiogalactopyranoside. Crude GST-WRKY2, GST-WRKY34 and GST recombinant protein extracts were obtained and then immobilized to glutathione affinity resin (Thermo Fisher Scientific Inc.). His-VQ20 recombinant protein was collected from E. coli cells and co-incubated with the immobilized GST-WRKY2, GST-WRKY34 and GST fusion proteins for 4 h at 4°C. Resins were rinsed eight times with wash buffer and then eluted with elution buffer. The eluent was collected and analyzed on a sodium dodecyl sulfatepolyacrylamide gel electrophoresis gel for Western blotting.
Subcellular localization and histochemical detection of GUS activity
For transient expression in N. benthamiana, the full-length CDS of VQ20 was cloned into a GFP vector and subcloned into pOCA30 (Hu et al., 2013a) . The plasmids were then transformed into A. tumefaciens AH105. Injected leaves were sectioned 48 h after infiltration. DAPI fluorescence was observed under a confocal laserscanning microscope (Olympus). For histochemical GUS staining, we collected inflorescences from ProVQ20::VQ20-GUS transgenic plants, fixed them in 90% acetone for half an hour, washed them three times with GUS staining buffer (without X-gluc), and then incubated them in X-gluc solution [1 mM X-gluc, 50 mM NaPO 4 (pH 7), 1 mM K 3 Fe(CN) 6 , 1 mM K 4 Fe(CN) 6 and 0.05% Triton X-100] under vacuum for 10 min at room temperature. The treated samples were maintained in the dark at 37°C until a blue indigo color appeared.
Transient expression assay
In preparation for the assay, GAL4BD and GAL4 (AD+BD) were amplified and cloned into a pGreenII 62-SK vector to generate pGreenII 62-BD-SK and pGreenII 62-BD-AD-SK, respectively. The cDNA sequences of WRKY2 and WRKY34 were amplified and, respectively, cloned into pGreenII62-BD-SK and pGreenII 62-SK under the control of the 35S promoter to create the effectors. At the same time, the cDNA sequence of VQ20 was amplified and cloned into pGreenII62-BD-SK. Five tandem copies of the GAL4 DNA binding site [GAL4 (5x)] were amplified and separately inserted into a pGreenII 0800-LUC vector to generate reporters. The effectors and corresponding reporters were co-transformed into prepared Arabidopsis mesophyll protoplasts, with firefly LUC and renilla luciferase (REN) activities, then measured using a dualluciferase reporter assay system (Promega, Madison, WI, USA).
Relative REN activity was used as an internal control. LUC/REN ratios were calculated.
Cytological and phenotypic analyses
Siliques and flowers were examined and photographed with a Leica stereoscopic microscope. To observe pollen grain morphology, pollen grains were subjected to Alexander staining (Alexander, 1969). Pollen viability was examined using FDA staining as described in a previous study (Heslop-Harrison and Heslop-Harrison, 1970) . DAPI staining of pollen grains was performed as described in Xia et al. (2010) . Images of Alexander-, FDA-and DAPI-stained materials were obtained under bright light, GFP and UV light, respectively, by using a fluorescence microscope (DM2500; Leica, Wetzlar, Germany). For SEM, fresh mature pollen grains were coated directly with gold and analyzed with a Zeiss EVO scanning electron microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) in extended vacuum mode.
Germination assays of pollen grains
Pollen germination was assayed in vitro by placing pollen grains on germination buffer solidified with low-melting-point agarose as described previously (Fan et al., 2005) . The pollen grains spread on the agar plates were cultured immediately at 23°C and 100% relative humidity. After 6 h, the pollen grains were observed and photographed with a Leica microscope. At least 200 pollen grains and 60 pollen tubes were examined per culture and used for calculations of average germination rate and average pollen tube length, respectively, in Image J software (https://imagej.nih. gov/ij/). To assay in vivo pollen germination, pollen tubes were inserted into pistils as described previously (Ishiguro et al., 2001) . The pollinated pistils were collected 6 h after pollination and fixed in ethanol:acetic acid (3:1) for 2 h at room temperature. The fixed pistils were washed three times with distilled water and then maintained in a softening solution of 8 M NaOH overnight. The pistil tissues were subsequently washed in distilled water and stained in aniline blue solution (0.1% aniline blue in 0.1 M K 2 HPO 4 -KOH buffer, pH 11) for 4 h in the dark. The stained pistils were observed and photographed with a fluorescence microscope (Leica).
Microarray analysis
Total RNAs were extracted from mature pollen grains of wild-type, w2-1 w34-1 mutant and w2-1 w34-1 vq20-1 triple-mutant plants using Trizol reagent (Thermo Fisher Scientific Inc.). RNA yield and purity were determined on a Nano Drop instrument (Thermo Fisher Scientific Inc.), and RNA integrity was checked using an Agilent 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). ATH1 microchip hybridization was performed to compare the transcriptomes of wild-type, w2-1 w34-1 mutant and w2-1 w34-1 vq20-1 triple-mutant pollen grains. Data from the nine ATH1 chip hybridizations were collected using Gene Chip Operating Software (http://www.affymetrix.com/) and analyzed using MeV software.
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